A single nanoparticle platform has been developed through the modular and controlled layerbylayer process to co-deliver siRNA that knocks down a drug-resistance pathway in tumor cells and a chemotherapy drug to challenge a highly aggressive form of triple-negative breast cancer. Layer-by-layer films were formed on nanoparticles by alternately depositing siRNA and poly-Larginine; a single bilayer on the nanoparticle surface could effectively load up to 3,500 siRNA molecules, and the resulting LbL nanoparticles exhibit an extended serum half-life of 28 hours. In animal models, one dose via intravenous administration significantly reduced the target gene expression in the tumors by almost 80%. By generating the siRNA-loaded film atop a doxorubicin-loaded liposome, we identified an effective combination therapy with siRNA targeting multidrug resistance protein 1, which significantly enhanced doxorubicin efficacy by 4 fold in vitro and led to up to an 8-fold decrease in tumor volume compared to the control treatments with no observed toxicity. The results indicate that the use of layer-by-layer films to modify a simple liposomal doxorubicin delivery construct with a synergistic siRNA can lead to significant tumor reduction in the cancers that are otherwise nonresponsive to treatment with Doxil or other common chemotherapy drugs. This approach provides a potential strategy to treat aggressive and resistant cancers, and a modular platform for a broad range of controlled multidrug therapies customizable to the cancer type in a singular nanoparticle delivery system.
capable of evading treatment by overexpression of certain genes that involve anti-apoptotic or drug desensitizing pathways. 3, 4 siRNA holds great promise as a potential new class of targeted therapeutics with the ability of treating specific tumor types that have thus far been resistant to available therapies. 5 Combining genetic targeting of specific resistance pathways of tumor cells with the co-release of chemotherapy drugs can provide the ability to "turn off" or "switch" the tumor cell's ability to fight, recover from, or avoid a given therapy, and thus greatly increase the treatment efficacy.
However, to create clinically relevant siRNA therapeutics for systemic treatment of advanced diseases, some key issues must be addressed: 1) prolonged nanoparticle persistence in circulation to allow sufficient access to the tumor for sustained therapy; 5 2) high loading of siRNA per nanoparticle to overcome losses from the generally low uptake and endosomal escape rates in tumor cells; 6, 7 and, 3) the use of materials that can mediate endosomal escape of siRNA while minimizing potential toxicity. 8 Recent advances use materials such as block copolymers. 9 cyclodextrins, 10 copolypeptides, and charged lipids that are solid at body temperature. 11 Unfortunately, in many such polyplex or lipid formulations, it is difficult to control or alter key parameters for siRNA delivery, such as total number of siRNA molecules per particle and the relative ratio of siRNA to cationic polymer or lipid, which affects the therapeutic window. In fact, many polyplex and lipoplex systems are composed primarily of the lipid or cationic polymer used to package the siRNA, with polycation to siRNA molar ratios as high as 10 to 20:1, thus increasing the potential for toxic side effects and lowering the overall amount of siRNA that can be safely delivered systemically. 10, [12] [13] [14] [15] Finally, most such complexes do not provide a means of combining chemotherapy drugs and inhibitors in a manner that may be synergistic, and controlling the relative siRNA:chemotherapy loading in a modular fashion.
Layer-by-layer (LbL) nanoparticles that utilize the process of sequentially depositing oppositely charged polymers to build a highly stable film with high siRNA content atop a nano-sized core provide an exciting new class of drug delivery platforms with promising clinical translational potential. [16] [17] [18] This approach allows precise control at nanometer-scale level to adapt a range of polycationic materials with siRNA loading and releasing, film stability, N-to-P ratio, transfection efficiency and cytotoxicity. The use of LbL nanoparticles for nanomedicine applications is a new and highly promising approach enabling the generation of modular nanoparticle systems; 19 however, only in the past 3-4 years have these systems been designed to exhibit desirable release properties in vitro, and fewer have been demonstrated in vivo, with the stability in plasma needed for efficient systemic delivery. A few researchers have shown that siRNA molecules can be incorporated into the outer coating of LbL nanoparticles, [20] [21] [22] [23] although the current work has been heavily focused on inert gold nanoparticles, and this approach has not been adapted to the coating of active drug-loaded nanocarriers to achieve combination therapy. To achieve the clinical translational promise of this nanoscale technology, it is critical to adapt LbL nanoparticle methods to a broad range of materials, including biodegradable, low toxic biopolymers, and the most common and currently the most translational of nanocarriers-liposomes, which are already FDA approved for several forms of cancer and can be readily adapted to a number of chemotherapy approaches.
In order to further develop the LbL nanoparticles for systemic delivery to tumors in advanced diseases, we have recently demonstrated that the surface modification with LbL films can significantly improve the in vivo stability and pharmacokinetics of the nanoparticles for systemic drug delivery. 17 The LbL film can be further engineered to achieve active tumor targeting 16 and to modulate release rates of drugs from the nanoparticle cores, 18 which can increase the nanoparticle and drug bioavailability while mitigating any potential toxicity. Most attractive is the modular design of the LbL nanoparticle platform, which provides the ability to introduce therapeutics in the core and in the surrounding layers of the film, thus creating an independently tunable multi-drug delivery device.
In this study, we sought to develop a combination therapeutic approach using LbL nanoparticles to treat an aggressive, chemo-resistant cancer cell type. By taking advantage of the modular design of the LbL nanoparticles, we have developed a novel codelivery system by building siRNA LbL films atop chemotherapy drug-loaded nanoparticles, as illustrated in Figure 1 , followed by further functionalization of an exterior coat for "stealth" and tumor-targeting properties. We first screened a library of both synthetic and natural polycations to find the desired LbL film architecture on nanoparticles with high siRNA loading, stability and gene silencing efficiency, and low cytotoxicity. Upon a single-dose intravenous administration, the selected siRNA LbL nanoparticles achieved extended serum half-lives of up to 28 hours, much higher than typically reported half-lives of siRNA delivery nanoparticles. 5, 24 In a xenograft animal model of TNBC using MDA-MB-468 cells, a single dose injection of the siRNA LbL nanoparticles at 1 mg/kg was able to achieve a significant target gene silencing. Further, incorporation of a siRNA targeting a drug resistance pathway and a chemotherapy drug, doxorubicin, into a single LbL liposomal nanoparticle is demonstrated as a potent combination therapy in a TNBC xenograft model using MDA-MB-468 cells. This work highlights the potential of LbL nanoparticles as combination multi-therapeutic platforms for enhanced efficacy against aggressive cancer cell types.
Results

LbL nanoparticles as a modular and tunable platform for siRNA delivery
Initial work focused on developing multi-component delivery from LbL nanoparticle systems focused on the ability of the film to load and release therapeutics in an efficacious manner. To examine the ability to construct siRNA films on a nanoparticle template with high loading and low toxicity, we employed uniformly-sized, negatively charged carboxylmodified polystyrene latex nanoparticles (CML) as a model nanoparticle core (120 nm in hydrodynamic size and −56 mV in zeta potential) due to its similarity in size to many drugloaded nanocarriers, such as liposomes. 25, 26 Several polycations were screened for the construction of siRNA LbL thin films, in alternation with the negatively charged siRNA; many of the materials considered in this study included native and synthetic polyamines, such as polypeptides, polyethyleneimine (PEI), chitosan and poly(β-amino ester). Here, we identified poly-L-arginine (PLA) as a promising candidate for in vivo applications due to its high siRNA loading, film stability and silencing efficiency, and low cytotoxicity.
Deposition of PLA and siRNA on the nanoparticles was evidenced by the controlled increase of the nanoparticle hydrodynamic size of approximately 5 nm per layer ( Figure 2A ) and reversal of surface charge, as indicated by zeta potential characterization following deposition of each layer ( Figure 2B ). The uniformity of LbL deposition is evidenced by the maintenance of a low nanoparticle polydispersity following each layer ( Figure 2C ). The electron microscopic images revealed a core-shell structure of the siRNA LbL nanoparticles, confirming the uniform polymeric film coating the nanostructure ( Figure 2D ).
The loading of siRNA in the film was measured by subtracting the quantity of siRNA remaining free in solution after LbL deposition using picogreen® assays against a standard curve (Supporting Information Figure S1A , B). The PLA LbL film was able to load approximately 3,500 siRNA molecules per nanoparticle per layer, implying a conformal coating of siRNA on the nanoparticle with greater than 95% surface coverage (assuming 6nm × 2nm cross-sectional surface area per siRNA molecule). 5 The loading quantity was further confirmed by using fluorescently-labelled siRNA and measuring the fluorescence intensity associated with the nanoparticles, and also by measuring the absorbance of siRNA at 260 nm (Supporting Information Figure S1C , D). In comparison, this loading was substantially greater than the PEI/siRNA LbL nanoparticles, which led to approximately 500 siRNA molecules per layer, and also greater than other reported polyplex systems. 20, 27 Further, we identified that there were approximately 2,300 molecules of PLA per layer on the nanoparticles. This number was estimated by the saturating stoichiometry of the surface charge (Supporting Information Figure S2 ). Based on this calculation, the N:P ratio in the PLA/siRNA LbL nanoparticles was found to be 1.7 (Supporting Information Table S1 ), which is much lower than other reported typical polyplex systems, which are typically from 8 to 30. [20] [21] [22] [23] Importantly, a low N:P ratio will potentially allow higher amounts of the therapeutics to be delivered with less toxic effects.
Furthermore, it was found that the PLA/siRNA film was found to be stable at pH 7.4 in a physiologically relevant buffer (i.e. PBS) over an extended period of time, with less than 30% siRNA release over the first 24 hours ( Figure 2E) ; this stability over the given timeframe is important, as it is undesirable to lose large amounts of the loaded siRNA during circulation prior to tumor access. As a modular system, increased siRNA loading can be easily achieved through the incorporation of additional bilayers of siRNA and polycation; in fact, we observed a linear increase in siRNA loading with numbers of layers ( Figure 2F ).
We next assessed the gene silencing efficiency and cytotoxicity of the siRNA LbL nanoparticles in green fluorescent protein (GFP)-expressing MDA-MB-468 cells. The surface of the nanoparticles was further coated by a layer of hyaluronic acid (HA), which has been previously reported for enhanced in vivo stability. 17 GFP-targeting siRNA were incorporated into the PLA/siRNA LbL nanoparticles, and a concentration-response study was carried out in comparison with PEI/siRNA LbL nanoparticles. PEI has been widely used for gene transfection in vitro due to its high transfection efficiency. 14 However, PEI is non-biodegradable and often exhibits unacceptable levels of cytotoxicity, making it difficult for in vivo use. Lower molecular weight PEI was reported to exhibit less cytotoxicity, however losing its capacity to complex siRNA. 28 Here, it was found that the PLA/siRNA LbL nanoparticles were able to achieve comparable levels of gene silencing compared to the PEI/siRNA ( Figure 3A) , while exhibiting no cytotoxicity at a concentration that was 20-fold higher ( Figure 3B ). Confocal microscopy images of dually-labelled siRNA and the CML core showed binding of the siRNA LbL nanoparticles to the cell membrane within 30 minutes of incubation. The co-localization of fluorescence suggested the integrity of the LbL nanoparticles in the extracellular environment. Over four hours of incubation, most of the nanoparticles were internalized into the cells, where siRNA dissociated from the CML cores and appeared diffuse throughout the cytoplasm, implying release of siRNA from the LbL film and endosomal escape ( Figure 3C ). To further test whether the gene silencing was recapitulated in vivo, a single dose of 1 mg/kg of the luciferase-targeting siRNA loaded in PLA/siRNA LbL nanoparticles were intratumorally injected into the luciferase-expressing MDA-MB-468 subcutaneous xenografts in NCR nude mice. Two days post-injection, using live animal bioluminescence imaging, a 2-fold decrease in luciferase activity was observed in the treated tumors compared to those injected with scrambled-siRNA LbL nanoparticles (n = 4, P < 0.05) ( Figure 3D , E).
Long-circulating LbL nanoparticles for systemic siRNA delivery to TNBC tumors in a xenograft model
To evaluate the pharmacokinetics of the PLA/siRNA LbL nanoparticles following systemic administration, AlexaFluor677 dye-labelled CML nanoparticles with the PLA/siRNA single bilayer LbL film architecture, terminated with HA (i.e. CML/PLA/siRNA/PLA/HA), were administered into BALB/c mice via the tail vein. Quantification of recovered fluorescence at serial time points from blood isolated retro-orbitally generated the data shown in Figure 4A , which when fit to a two-compartment model is characterized by 0.06h (fast) and 27.8h (slow) half-lives. Live animal whole body fluorescence imaging further confirmed the stability of this nanoparticle system, as it was observed to persist in the animal for a prolonged period of time (12d) and was characterized in real-time by low levels of liver clearance ( Figure 4B ). Retention of the nanoparticles in the liver suggested the nonbiodegradable nature of the polystyrene cores used in this particular model system, and would not be an issue for the drug-loaded biodegradable delivery systems investigated subsequently. There were no escalated levels of inflammatory cytokines, including IL-6, TNF, INF-γ, IL-1β and IL-2, in the serum samples of the treated healthy BALB/c mice, suggesting these nanoparticles were not acutely immunogenic ( Figure 4C, D) . The notably long blood half-life of these systems was most likely attributed to the integrity of the LbL film in vivo and the "stealth" HA coat. 17 The biological performance of these systems is consistent with previous reports 17, 18 of LbL nanoparticles and provides an exciting platform for sustained systemic delivery of therapeutics. The siRNA molecules were stable in the nanoparticle coating with slow, sustained release over 72 hours in a physiologically relevant environment, suggesting stable incorporation of siRNA in the LbL film. As such, it was expected that the siRNA loaded largely co-localized with the nanoparticle substrate, validating the approach of fluorescently tracking the nanoparticle as a means of probing the pharmacokinetics of the therapeutic-containing system. Use of the model CML system thus informed the optimized LbL formulation for combination therapy with a drug-loaded liposomal core for TNBC targeting and treatment.
After observing the improved biological performance of these systems, we next sought to demonstrate the potential for these systems to traffic to solid tumors and induce knockdown following systemic administration. In NCR nude mice bearing luciferase-expressing MDA-MB-468 subcutaneous xenografts, luciferase-targeting siRNA LbL nanoparticles were intravenously administrated at a single dose of 1.4 mg/kg. Quantitative RT-PCR analysis of the isolated tumor tissues 5 days post-injection revealed a 4-fold reduction in luciferase mRNA levels following luciferase siRNA treatment (n = 7, P < 0.05) ( Figure 5A ). Additionally, the knockdown of luciferase activity was found to be more profound at day 5 post-injection compared to day 3, implying a sustained rate of delivery and a cumulative effect of the siRNA in the tumors ( Figure 5B ). The significant target gene silencing can be attributed to the enhanced persistence of the LbL nanoparticles in blood, promoting increased access to the tumor and subsequent passive tumor localization through the enhanced permeation and retention effect as previously reported. 29 Moreover, HA is a wellknown native ligand to CD44, 30 a surface marker of TNBC, 31 which could significantly promote the cellular uptake of the HA-coated LbL nanoparticles by the CD44 +ve MDA-MB-468 cells 32 (Supporting Information Figure S3 ). This was verified in vitro with the addition of free excess HA, where the uptake was largely attenuated, implicating HA-CD44 interactions as a means of cellular entry ( Figure 5C , D). In addition, a fluorescently-labeled CML was deployed to track the tumor accumulation post i.v. injection, and the HA-coated LbL nanoparticles were found highly co-localized with the CD44 expression in the tumor tissue ( Figure 5E ). Together, the data suggests active targeting on the basis of CD44-mediated interactions with the HA-terminal layer. The result here demonstrates that a target gene within the tumor can be effectively silenced following a single, systemic administration of siRNA LbL nanoparticles.
Codelivery of siRNA and doxorubicin using LbL liposomes as potential TNBC therapeutics
By combining siRNA that targets a drug resistance pathway and a chemotherapy drug into a single nanoparticle platform, we hypothesized that the efficacy of the chemotherapy drug will be significantly enhanced. 3 Thus, we developed a combination chemotherapy drugsiRNA delivery platform using LbL nanoparticles, in which we built siRNA-loaded LbL films onto doxorubicin-loaded negatively-charged phospholipid liposomes ( Figure 6A ). We carefully characterized the physicochemical properties of the LbL-coated liposomes, and have found that the change in size, surface charge, film thickness and polydispersity during the LbL coating process was similar to that of LbL-coated CML nanoparticles (Supporting Information Figure S4 ). Our data here suggested that we successfully adapted the CML nanoparticles as a model and were able to translate the LbL process to the liposome system. This success was likely due to the similarity in size, surface charge and shape between the CML nanoparticles and the liposomes (i.e. averagely 120 nm in diameter with zeta potential of −55 mV). These properties dictate the surface interactions of the nanoparticles with polymeric materials and the formation of the LbL film on the surface, and eventually, the biological outcomes of the nanoparticles. Evidently, we found that LbL liposomes exhibited long circulation time, similar to that of the LbL CML nanoparticles (Supporting Information Figure S4 ). We sought to use liposomes as the core for the LbL nanoparticles, due to their wide use as approved drug carriers and success in Doxil™ for breast cancer treatment. [33] [34] [35] The liposomes exhibit high in vivo stability with controlled drug release, [33] [34] [35] providing a stable nano-sized core for building the long-circulating LbL film. The loading efficiency and the loading percentage of doxorubicin in the liposomes were 97 % and 5.5 % w/w, while each PLA/siRNA bilayer provided 3,500 siRNA molecules per liposome. We generated core-shell siRNA LbL liposomes with a siRNA-to-doxorubicin molar ratio of 1:25, or mass ratio of 1:1. The LbL liposomal formulation exhibited extended stability in tissue culture medium with less than 20% release of each therapeutic component over a period of 24 hours, while the two components showed staggered release over 72 hours with a faster release rate of siRNA from the film, comparing to the drug from the liposome core.( Figure  6B ).
To identify a combination gene target to doxorubicin, we first screened a small library of siRNA targets for doxorubicin codelivery by preparing siRNA/doxorubicin LbL liposomes and examining the efficacy of the nanoparticle treatments in MDA-MB-468 cells in vitro. The siRNAs were selected to target drug efflux (multidrug resistance protein 1 (MRP1)), antiapoptotic (Bcl2, EGFR) and oncogenic (c-myc) pathways (Supporting Information Figure S5 ). From this data, it was found that the MRP1 was most efficacious in combination with doxorubicin. MRP1 siRNA was found to significantly enhance the efficacy of liposomal doxorubicin in vitro, as shown by a 4.5-fold decrease in IC 50 values from the scrambled siRNA control (IC 50 = 9 µm) to the combination siRNA/doxorubicin liposome treatment (IC 50 = 2 µM) ( Figure 6C ). MRP1 is a cell-surface efflux pump involved in redox regulation of multidrug resistance by reducing the intracellular concentration of xenobiotics or drugs, and is a clinically relevant biomarker associated with the poor prognosis of TNBC. 36 Combination therapy of MRP1 siRNA and doxorubicin has been reported to increase the doxorubicin accumulation in tumor cells and therefore to enhance efficacy. 13 In a proof-of-concept study, we treated NCR nude mice bearing subcutaneous xenograft tumors of luciferase-expressing MDA-MB-468 cells with intravenous administration of MRP1 siRNA/doxorubicin liposomes. The controls included the LbL doxorubicin liposomes that were loaded with scramble-sequenced siRNA, the empty LbL liposomes loaded with MRP1 siRNA and a saline-treated group. The mice were treated every 5 days for 15 days, for a total of 3 tail vein injections at 1 mg/kg of doxorubicin and 1 mg/kg siRNA, and the tumor volumes were monitored through bioluminescence of the luciferase activities of the tumors over the course of the treatment ( Figure 7A , Supporting Information Figure S6) ; thus the measured bioluminescence represents a quantitative measure of the size of the tumor. Compared to caliper measurements that can be sensitive to experimental technique, bioluminescence provides a measure of the tumor size with reduced experimental bias and errors. 37 Significant tumor regression was seen in the combination treatment group, which decreased the average tumor volume by 4-and 8-fold compared to the scramble control and the saline control, respectively (n = 6-8, p < 0.05) ( Figure 7B ). In some of the animals treated with combo therapy, complete tumor regression was observed. MRP1 siRNA-only treatment did not show any tumor inhibitory effects. Quantitative RT-PCR analysis of mRNA isolated from tumor tissues revealed the MRP1 LbL liposomes significantly decreased the MRP1 mRNA level in the tumor tissues compared to the scramble control (n = 8, p < 0.05) ( Figure 7C ). The knockdown was confirmed by immunohistochemical staining of MRP1 protein in the tumor tissue, where treated tumor tissue showed marked decreases in protein expression across the tissue section, compared to the samples from the saline-treated control groups (Figure 7D, E) . In addition, histology ( Figure 7F , G) and serum biochemistry (Table 1) analyses of mouse tissues collected at the end of the experiment showed no sign of liver or kidney damage, suggesting the LbL nanoparticle treatments were apparently not toxic at the administered dose.
Discussion
Patients with recurrent forms of TNBC are typically not responsive to doxorubicin therapy alone; however, reversing or lowering the resistance of the cancer to the doxorubicin treatment provides a powerful platform for improved therapeutic outcomes. 38, 39 The concept of combination delivery of siRNA and an anticancer drug in a single delivery platform, such as in a nanoparticle, has recently shown promising preliminary results to restore or enhance drug efficacy in a number of animal studies of lung and breast cancers. 12, 13, 28 In this study, we developed a novel LbL nanoparticle-based platform for systemic codelivery of siRNA and an anticancer drug, specifically to lower the drug resistance with MRP1-targeting siRNA to increase the potency of the doxorubicin against MDA-MB-468 cells. In this paper, we establish that LbL nanoparticles can be used to combine siRNA and chemotherapy agents within a single delivery vehicle, and that such systems can be delivered systemically to target tumors, enabling time-dependent knockdown of a drug resistant gene, followed by tumor treatment. Through modular design, we developed a codelivery platform by generating siRNA-loaded LbL films atop a doxorubicinloaded liposome with an exterior negatively-charged phospholipid membrane amenable to LbL deposition. By combining different therapeutics into a single delivery vehicle with a controlled, staggered release profile, the LbL nanoparticle therapeutics were able to achieve synergistic targeting to tumors, while minimizing toxicity. The combination system demonstrates the potency of delivery of siRNA using this method, as indicated by a significant degree of knockdown achieved in vivo, and the efficacy of dual delivery, which promoted tumor regression, and in some cases led to complete tumor shrinkage, in sharp contrast to results observed with doxorubicin alone, which exhibited much lower efficacy.
In this study, we have demonstrated the capability of LbL nanoparticles as a modular platform for effective delivery of diverse classes of therapeutics, including chemotherapy drugs and siRNA. Key to achieving a modular system is use of clinically relevant materials. Thus, we carefully selected polymeric materials, such as PLA and HA for high loading, high transfection efficiency and biostability, and low cytotoxicity, while deploying liposomes, a well established class of drug carriers. In this proof-of-principle study, we demonstrated that we could assemble these different components through a highly controlled LbL engineering approach. By incorporating siRNA into the nano-scale thin films on top of a nanoparticle, we are able to achieve significant target gene silencing in tumor tissues upon a single-dose intravenous administration. This is attributed to a delivery vehicle that enables a) high siRNA loading, b) extended serum half life that allows for prolonged exposure of the tumor to the treatment, c) active targeting and tumor cell uptake via HA-CD44 mediated interactions, d) effective endosomal escape, and e) minimum toxicity by biodegradable materials.
First, the loading of the siRNA in the LbL film is tunable with up to 3,500 siRNA molecules per layer, which suggests an almost conformal coat of siRNA molecules. In some of the most recent efforts to better understand the intracellular trafficking for siRNA delivery, microscopy-based imaging studies were conducted to track the siRNA and its carriers inside the cells. These experiments revealed that endosomal escape is an extremely rare event with only 1-2% of nanoparticles 6, 7 accessing the cytoplasmic compartment, where the therapeutically relevant concentrations of siRNA could be as low as between 2,000-4,000 copies. 6 These studies implied that the loading of 3,500 siRNA molecules per PLA/siRNA LbL nanoparticle could achieve desired levels of gene silencing with potentially a single event of successful intracellular delivery. Besides the high loading, the siRNA LbL nanoparticles consist of much lower amounts of polycationic materials in relation to the loaded siRNA. In a brief summary (Supporting Information Table S2 ), we compared the N:P ratio and siRNA loading of the LbL nanoparticle system with other recently reported polyplex systems. It was found that the polyplex systems consist predominately of the cationic polymer used as a carrier, with an average N:P ratio greater than 10, and as high as 30. In comparison, the amount of the polycationic materials in the LbL nanoparticle system is greatly minimized, with an almost stoichiometric ratio of polycation to the loaded siRNA; our PLA/siRNA LbL nanoparticles achieved an N:P ratio of 1.7. This low N:P ratio is believed to be important for reducing the level of potential toxic effects and thus maximizing the therapeutics to be delivered.
Second, the HA outer shell is able to provide a "stealth" surface 17, 40 for prolonged circulation with serum half-life of the nanoparticles up to 28 hours on the LbL CML nanoparticles. We have also previously reported that HA coat promotes passive tumor targeting through the EPR effect on the LbL gold nanoparticles and quantum dots. 29 Furthermore, as a native ligand to CD44, a marker overexpressed in TNBC tumors, 31 HA is able to further mediate the cellular uptake of the nanoparticles through receptor-mediated interactions. Together, HA provides a promising surface layer for systemic delivery to CD44 +ve tumors, informing its incorporation as the terminal layer on the LbL liposomal system. Although there are certain differences in physicochemical properties between the latex nanoparticles and liposomes, it was expected that the hyaluronic acid coated liposomes would possess the same desired long-circulating characteristics, given that liposomes are stable, first-in-clinic delivery vectors with controlled drug release profiles, as well as the understanding that surface properties largely dictate the biological interactions and in vivo stability of nanoparticles. [41] [42] [43] [44] Most importantly, significant tumor targeting and target gene silencing was observed for both siRNA-loaded latex nanoparticles and liposomes, suggesting that we were successful in translating the design from the model system to a drug-loaded system. Third, the modular design of the LbL film architecture allows us to select desired materials with biodegradability and low toxicity to facilitate the clinical translation. In a preliminary investigation, we have screened a library of polycations for constructing a desired siRNA LbL film on nanoparticles, and have found that the chemistry, pK a values, charge density, and structure of the polycations play major roles in determining the siRNA loading capacity, film stability, release profiles and film thickness of the LbL nanoparticles. Here, we have selected the biodegradable polypeptide PLA due to its ability to load a large number of siRNA molecules in the LbL films with high stability, high silencing efficiency, and little cytotoxicity. PLA-or arginine-rich polypeptide/polymer-based siRNA delivery vehicles have been previously reported to provide promising endosomal escape capacity, 15, 45, 46 as arginine contains a permanently positively charged guanidinium group that facilitates the intracellular delivery through a potential membrane disruptive mechanism. 47, 48 By using biodegradable materials, the delivery system was able to bypass the challenge of freeing siRNA from the polyplex after endosomal escape, which is often observed in the PEI-based delivery systems. 8 In the meantime, by using biodegradable polypeptide-based nanoparticles, such as PLL, Koo et. al. reported a controlled release rate of the siRNA with prolonged gene silencing for more than 3 weeks. 21 Furthermore, recent investigations in our lab and others have described scalable approaches to the manufacture of LbL nanoparticles using spray layer-by-layer 49 or electrophoresis methods. 50 Together, these state-of-art manufacture methods allow the LbL nanoparticle technology to be adapted to large-scale markets, while maintaining modularity, ease of design, reproducibility and fabrication.
Conclusion
By generating a nanolayered siRNA-loadable LbL film onto a drug-loadable nanoparticle, we have developed a novel drug delivery platform that is modular and can be tailored to achieve high loading of therapeutics, intracellular delivery, extended serum half-life and tumor targeting. We have demonstrated its capability for combination therapy by codelivering siRNA that targets MRP1, a drug efflux pump and doxorubicin to treat TNBC in animal models, and seen significantly enhanced efficacy. Furthermore, we have generated a clinically translational system by deploying a combination of biodegradable biopolymers and FDA-approved liposomes. In summary, the results here provide a potential strategy to treat an aggressive and recurrent form of TNBC, as well as a means of adapting this platform to a broad range of controlled multi-drug therapies customizable to the cancer type in a singular nanoparticle delivery system.
Methods
Materials
Carboxylic modified latex (CML) polystyrene nanoparticles were purchased from Invitrogen. All lipid components were purchased from Avanti Polar Lipids, except for cholesterol from Sigma. Doxorubicin was purchased from LC laboratories. CCK-8 cell proliferation assay kit was purchased from Sigma-Aldrich. All siRNAs, including MRP1 5'-GGCUACAUUCAGAUGACACdTdT-3', firefly luciferase 5'-CGUACGCGGAAUACUUCGAdTdT-3', GFP 5'-GCAAGCUGACCCUGAAGUUCAUdTdT-3', and scrambled control 5'-UUCUCCGAACGUGUCACGUdTdT-3' were custom-synthesized and purchased from Dharmacon. DNA primers, including MRP1 (forward 5'-ATGTCACGTGGAATACCAGC-3', reverse 5'-GAAGACTGAACTCCCTTCCT-3'), firefly luciferase (forward 5'-CAACTGCATAAGGCTATGAAGAGA-3', reverse 5'-ATTTGTATTCAGCCCATATCGTTT-3'), β-actin (forward 5′-TGAGCGCGGCTACAGCTT-3′, reverse 5′-TCCTTAATGTCACGCACGATTT-3′) were purchased from Integrated DNA Technologies. Monoclonal antibodies, including anti-CD44 (IM7), anti-MRP1 (QCRL-1) and the IgG isotype control antibody were purchased from Santa Cruz Biotechnologies. Dulbecco's modified eagle's medium (DMEM), fetal bovine serum, penicillin/streptomycin, L-glutamine and RNase-free deionized water were purchased from Invitrogen. Hyaluronic acid 200 kDa was purchased from Lifecore Biomedical. All other materials, including polymers (poly-L-arginine, 10 kDa and 40 kDa; PEI 25 kDa), chemicals (dibasic sodium phosphate, citric acid, sodium citrate, sodium carbonate) and solvents (chloroform, methanol, phosphate buffered saline) were furnished by Sigma. All chemicals were reagent grade. All polymer and buffer solutions were filtered with a 0.2 µM pore size polycarbonate syringe filer before use.
Preparation of siRNA LbL nanoparticles
The protocol of siRNA LbL nanoparticle preparation was developed based on the previously established method. 17 Briefly, the negatively charged cores used were either carboxyl modified latex (CML) nanoparticles (120 nm in hydrodynamic size; −55 mV; with or without AlexaFluor677 dye; Invitrogen) or phospholipid functionalized liposomes (see section below for synthesis). For LbL assembly, nanoparticles at 1 mg/ml were first mixed with 50 µg/ml polycations (PLA, 10 kDa; or PEI, 25 kDA) in RNase-free deionized water. The mixing was facilitated by a brief period of bath sonication (3-5 seconds), followed by a washing step through centrifugation (30,000 g, 30 minutes for CML nanoparticles; 15,000 g, 15 minutes for liposomes). To incorporate siRNA, purified nanoparticles were mixed with a siRNA solution prepared at 4 µM in water, followed by further purification. This step could be repeated to achieve desired siRNA loading. Typically, the purified polycation/siRNA nanoparticles were further mixed with hyaluronic acid (200 kDa) at a concentration of 1 mg/ ml in a pH 7.4 solution containing 100 nM dibasic sodium phosphate, followed by purification.
Preparation of Liposomes
Liposomes were formulated at a mass ratio of 56:39:5 (DSPC:Cholesterol:POPG). These three components were dissolved in a 2:1 mixture of chloroform:methanol. A thin film of these materials was generated by rotary evaporation at 40°C, 150 mbar. This film was allowed to dessicate overnight for complete drying. Hydration of the lipid film was conducted at 65°C under sonication in 300 mM citric acid buffer (pH 4) for 1 hour, after which they were filtered through a 0.2 µm PES syringe filter and allowed to cool to room temperature. The pH of the liposomal suspension was then adjusted to 6.5 by addition of 300 mM sodium carbonate buffer to create a gradient between the exterior and interior compartments. Doxorubicin at a feed ratio of 3 mg drug:50 mg lipids was then added in a 0.9% sodium chloride solution to load via a pH gradient method. The final drug-loaded system was subsequently purified out of the high salt buffers and any excess, unloaded drug via centrifugal filtration (100 K MWCO Millipore) and transferred to phosphate buffered saline.
Physicochemical characterization
All size, zeta potential and polydispersity index measurements were made using a Malvern ZS90 zeta-sizer. For TEM imaging, nanoparticle solutions were drop-cast onto carbon coated copper grids without any staining. The loading of siRNA on the LbL nanoparticles was examined by 1) measuring the free siRNA in the supernatant using Picogreen assay (Invitrogen) against a dsRNA standard curve; 2) by absorbance of the supernatant at 260 nm using NanoDrop (NanoDrop, Inc.); or 3) using a fluorescent dye labelled siRNA and measuring the nanoparticle-associated fluorescent against a fluorescent siRNA standard curve. The stability of the siRNA LbL films on nanoparticles were examined in PBS or in phenol-free DMEM at room temperature. The amount of siRNA released into the supernatant over different incubation time points was measured by picogreen assays. The release of doxorubicin from liposomes was examined by incubating nanoparticle under depletion conditions (1 L buffer for 1 mL NP suspension) in phosphate buffered saline (PBS) under agitation in 1 mL 3.5 K MWCO float-a-lyzers (Spectrum) at room temperature. PBS was replenished each day of the experiment. Samples were taken of the liposomes remaining to quantify remaining doxorubicin concentrations by absorbance at 480 nm.
in vitro experimentation
MDA-MB-468 triple-negative breast adenocarcinoma cells (ATCC) were used in our experiments and grown in DMEM media supplemented with 10% fetal bovine serum, 50 units/mL penicillin and 50 units/mL streptomycin. Stable GFP-and firefly luciferase-over expressing MDA-MB-468 cells were established using lentivirus vectors (Cell Biolabs, Inc.) according to the manufacturer's protocols.
Gene silencing of siRNA LbL nanoparticles was assessed in GFP-overexpressing MDA-MB-468 cells. Briefly, the cells were seeded on a 96-well plate overnight at 30% confluence, and treated with increasing concentrations of LbL nanoparticles, of which the amounts were normalized to the siRNA loading. The cells were treated with GFP-targeting siRNA LbL nanoparticles, and compared with scrambled control siRNA nanoparticles. Three days after the treatments, the cells were trypsinized and the cell-associated GFP fluorescence (excitation 480 nm; emission 530 nm) was analyzed using a BD LSRFortessa flow cytometer coupled with a high-throughput system for the 96-well plate format (BD biosciences, San Jose, CA).
Cytotoxicity assays were performed using CCK-8 cytotoxicity assay (Sigma). Briefly, cells were firstly seeded in a 96-well plate at 30% confluence for 24 hours and treated with the nanoparticles at various concentrations. After 3 days of incubation, the cells were replaced in fresh serum-free OptiMEM media containing 10% v/v of the CCK-8 proliferation reagent. After 2 hour incubation at 37°C, the absorbance at 450 nm was measured by a plate reader. Cell viabilities were normalized to an untreated control and calculated using a standard curve. To study the efficacy of siRNA/doxorubicin LbL nanoparticles, the data were fit with a dosedependent inhibition curve using Prism 5 (GraphPad).
Cellular uptake of nanoparticles was assessed by confocal microscopy and flow cytometry. The confocal microscopic images were taken using a Nikon A1R Ultra-Fast Spectral Scanning Confocal Microscope (Nikon instruments Inc., Melville, NY). Briefly, cells were seeded in CELLview glass bottom dish (Greiner Bio-One GmbH, Germany) at 1 × 10 5 cells per well and grown overnight. Cells were then incubated with nanoparticles at 37°C. At the end of this period, cells were washed followed by addition of DAPI for an additional 10 minutes, after which they were washed and imaged. The quantity of uptake was measured by flow cytometry. Briefly, the cells were seeded in a 96-well plate at 80% confluence overnight, and treated with fluorescently labelled nanoparticles at 100 µg/ml for various periods of time at 37°C, followed by washing and trypsinization. The cell-associated fluorescence was analyzed by a BD LSRFortessa flow cytomter coupled with a highthroughput system for the 96-well plate format (BD Biosciences).
in vivo experimentation
Female BALB/c and NCR nude mice (4-6 weeks old) were purchased from Taconic and the AIN-93 purified diet was from PharmaServ/Testdiets. Mice were kept on the AIN-93 diet for at least a week before experimentation to reduce levels of body auto-fluorescence. All in vivo experimentation was carried out under the supervision of the Division of Comparative Medicine (DCM), Massachusetts Institute of Technology, and in compliance with the Principles of Laboratory Animal Care of the National Institutes of Health. Cell lines were purchased from ATCC and were tested routinely for pathogens before use in animals via DCM.
Pharmacokinetics of LbL nanoparticles were investigated in BALB/c female mice (Taconic) through intravenous administration (i.e. tail vein injection) of scrambled siRNA LbL nanoparticles with AlexaFluor677 labelled cores at a siRNA concentration of 1 mg/ml in 0.1 ml. The corresponding radiant efficiency was adjusted to 1 × 10 10 by the IVIS whole-animal imaging system (Xenogen, Caliper Instruments). Whole-animal fluorescence imaging was performed at the indicated time points for one cohort of mice (n = 3), while a separate cohort was used for retro-orbital bleeds to determine the circulation serum half-life of the nanoparticles. Imaging and circulation data presented is normalized to auto-fluorescence obtained prior to injection. Analysis of circulation data based on recovered fluorescence normalized to pre-injection blood auto-fluorescence is displayed with a two-compartment model fit with both slow and fast half-lives presented.
Immunogenicity of siRNA LbL nanoparticles in healthy BALB/c mice was examined using the blood samples collected during the pharmacokinetics studies mentioned above. Cytokines in serum, including IL-6, IL-2, IL-1β, TNF and IFN-γ were determined using a cytometric bead array kit (BD Biosciences) according to the manufacturer's instruction.
Subcutaneous xenograft tumors of TNBC models were induced by seeding of firefly luciferase-overexpressing MDA-MB-468 in each rear hind flank of NCR nude mice. Briefly, cells were mixed in a 1:1 ratio with BD Matrigel™ Basement Membrane Matrix to a final density of 5 × 10 7 cells/0.1 ml. The matrix-cell suspension of 0.1 ml was injected in each rear hind flank of NCR nude mice. Tumors were allowed to grow to 100 mm 3 before experimentation.
LbL nanoparticle treatments in the mouse models were performed by intratumorally or intravenously administering the LbL nanoparticles in 0.1 ml injections at selected concentrations. In the intratumoral treatment experiments, 4 tumor-bearing mice were treated with luciferase-targeting siRNA LbL nanoparticles or scrambled siRNA LbL nanoparticles at 1 mg/kg siRNA by intratumoral injection at either site of the flanks. The luciferase activities in the tumors were monitored by bioluminescence pre-and 2 days postinjection. The images were obtained by 0.1 ml intraperitoneal injections of 30 mg/kg Dluciferin (Caliper) and were recorded with an open luminescence filter 15 minutes postinjection. In the single-dose systemic delivery experiment, tumor-bearing mice were randomly divided into 2 groups, 7 animals per group, and were treated with luciferasetargeting siRNA LbL nanoparticles or scrambled siRNA LbL nanoparticles at 1.4 mg/kg siRNA. The luciferase activities in the tumors were monitored by bioluminescence pre-, 3 days and 5 days post-injection. In the tumor growth inhibition experiment, tumor-bearing mice were randomly divided into 4 groups, 8 animals per group. These groups were used for comparing the effects of saline, MRP1 siRNA LbL liposomes with no doxorubicin, scrambled siRNA LbL doxorubicin liposomes and MRP1 siRNA LbL doxorubicin liposomes, respectively. The nanoparticle treatment and control groups received intravenous administration of LbL nanoparticles at a dose equivalent to 1 mg/kg doxorubicin and/or 1 mg/kg siRNA, given the mass ratio of doxorubicin to siRNA was loaded at 1:1 in the LbL nanoparticles. The saline control group received intravenous administration of 0.1 ml PBS. The mice were dosed repeatedly over 10 days of treatment for a total of 3 doses. The tumor sizes were monitored through bioluminescence pre-and post-treatments every 5 days for up to 15 days. All the above data were presented, along with region of interest quantification of radiance corresponding to the xenograft-specific luminescence for each mouse treated. Data was normalized for each mouse against the tumor luminescence prior to injection and presented as fold luminescence above this measurement. At the end of the experiments, the tumor tissues were harvested and randomly spliced into a few sections for further analyses. qPCR analyses of target gene silencing were performed by isolating total RNA from the sliced tissues using PARIS® kit (Invitrogen) according to the manufacturers' protocol. The cDNA was the synthesized using iScript™ cDNA synthesis kit (Bio-Rad Laboratories). qPCR was performed using iQ SYBR Green Supermix (Bio-Rad Laboratories) along with selected DNA primer pairs. Experiments were performed in triplicates. PCR amplification was performed by incubation at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute (LightCycler® 480 system, Roche). The relative gene expression was analyzed using the delta-delta Ct method and normalized using β-actin as a housekeeping gene.
Immunohistochemistry was performed using fixed, paraffin-embedded tumor sections of 5-micron thickness. The MRP1 (1:50 dilution) staining was performed by the histology facility at MIT. Immunostaining images were examined under a light microscope (Nikon). The CD44 was stained by a FITC-conjugated anti-CD44 antibody and the slides were examined using a confocal fluorescence microscope.
in vivo toxicity of the LbL nanoparticle treatments were assessed using serum and organ tissue samples isolated from both the treated and control mice at the end of the experiment. Blood biochemistry of liver and kidney panels was analysed by Charles River Laboratories. Liver and kidney tissues were fixed and sectioned for H&E staining. Images were collected using a Nikon light microscope.
Statistical Analysis
Experiments were performed in triplicates, or otherwise indicated. Data were analyzed using descriptive statistics, single-factor analysis of variance (ANOVA), and presented as mean values ± standard deviation (SD) from three to eight independent measurements. Statistical comparisons between different treatments were assessed by two-tailed t tests or one-way ANOVA assuming significance at P < 0.05. Schematic of modular combination drug delivery platform based on the LbL nanoparticles. Pharmacokinetics and immunogenicity analysis of intravenously administered CML/PLA/ siRNA/PLA/HA LbL nanoparticles at 1 mg/kg siRNA in healthy BALB/c mice. Nanoparticle cores were fluorescently labeled with AlexaFlour677 to assess (A) blood half life in blood specimen and (B) biodistribution using live animal fluorescent imaging (n = 4). To evaluate the immunogenicity, mouse sera were collected (C) 4 hours and (D) 24 hours post-injection. Interleukin (IL)-6, IL-2, IL-1β, tumor necrosis factor (TNF) and interferon (IFN)-γ were measured by BD™ Cytometric Bead Arrays. The results represent mean ± standard deviation (n = 3). Assessment of codelivery of MRP1 siRNA and doxorubicin using Dox-liposome/PLA/ siRNA/PLA/HA LbL liposomes for combination therapy to TNBC in mice models. (A, B) Change in tumor volume in nude mice bearing subcutaneous MDA-MB-468 xenografts treated with the MRP1 siRNA doxorubicin LbL liposomes, compared to singlecomponent therapy and untreated controls. The mice were treated through repeated tail vein injection at 1 mg/kg siRNA and/or doxorubicin on day 0, 5, and 10 (marked by arrows). The tumor volume was monitored by luciferase bioluminescence (n = 6-8, (*) P < 0.05). (C) Quantitative RT-PCR analysis of MRP1 mRNA level in tumor tissue isolated from mice treated with the combo therapies, compared with the dox + scramble siRNA control. The results represent mean ± standard deviation (n = 8, (*) P < 0.05). Immunohistochemistry analysis of MRP1 protein expression in tumor tissues isolated from (D) saline-treated mice and (E) siRNA/dox-treated mice. Histology analysis of H&E-stained (F) liver and (G) kidney tissue sections isolated from the mice of the combo treatment group (left panels) and the saline-treated control group (right panels).
